In two separate examples we demonstrate the use of extrinsic Raman scattering probes for imaging of biological samples. First, the distribution of cholesterol in a rat eye lens is determined with the use of the Raman scattered light from filipin, a molecule which binds specifically to cholesterol. The protein distribution in the same eye lens was obtained by using the 1450-cm ~ CH 2 and CH 3 bending modes as an intrinsic marker for protein. It appears that the cholesterol is concentrated in the membranes of the eye lens fibers, whereas the protein is distributed more evenly. Second, we demonstrate that phenotyping of lymphocytes can be done by using the Raman scattering of (antibody-coated) polystyrene spheres. The lymphocyte population was also fluorescently labeled with anti-CD4-FITC to demonstrate that Raman and fluorescence labeling can be used simultaneously. Finally, we discuss the potential advantages and disadvantages of using Raman labels.
INTRODUCTION
Labeling of cell biological samples with organelle-or molecule-specific optical labels is of paramount importance in modern microscopy. In most cases a bound label is observed by making use of the absorption or fluorescence properties of the label itself, as is the case in a Feulgen staining, l or of a reporter molecule like FITC, as is the case in immunofluorescence. 2 The use of fluorescent reporter molecules is especially widespread and has led to very sensitive imaging of all kinds of cell biological features.
Since an ever increasing demand exists to image more and more organelles of one cell at high sensitivity and at the same time, much research is devoted to the development of new reporter molecules and new physical observation techniques. Examples can be found in the search for fluorescent molecules which can be excited in the red to circumvent the autofluorescence of the cell. Time-resolved fluorescence imaging is an example of a development which aims at distinguishing reporter mol-ecules with overlapping emission spectra but different fluorescent life times.
Here we present a different approach to the development of additional labeling techniques. We investigate the feasibility of using Raman scattering as the optical technique by which the reporter molecules are being distinguished. Since a Raman scattering process leads to the emission of a photon with a wavelength which is different (longer in a Stokes-Raman process) from that of the exciting laser, many similarities exist between Raman microscopy and labeling on one hand and fluorescence microscopy and labeling on the other hand. The main differences result from the intensity of the Raman scattering; usually the cross section for Raman scattering is very low as compared to that for fluorescence or Rayleigh scattering. It is clear that this characteristic is a great disadvantage of Raman labeling, since it means that only very few photons are available for imaging. A second difference is that Raman scattering originates in the vibrationally modulated polarizability of the molecule. Therefore, a Raman spectrum may be compared with an infrared spectrum; both provide information about the vibrational modes of the molecule. Furthermore, each Raman-active vibrational mode yields in the Raman spectrum a band which is one to two orders narrower than bands in an average fluorescence spectrum. This feature is a major advantage of Raman scattering, because it offers the possibility of distinguishing many more different Raman labels than fluorescent labels in the same spectral interval.
Raman microscopy is a well-known technique for which many applications exist. 3-5 These applications pertain, however, only to the use of Raman scattering of intrinsically present molecules (molecules already present in the sample) for imaging or spectroscopic purposes. Here, we want to demonstrate that extrinsic Raman labels may also be used. By this, we mean that the Raman signal measured derives from molecules which act as reporter molecules. These reporter molecules have a relatively large Raman cross section and are used to visualize the distribution of cell species with an intrinsic Raman signal that is too weak to be detected. In particular, we will show that it is possible to use filipin, 6,7 a cholesterolbinding molecule with a high Raman cross section, to visualize the cholesterol distribution in a rat eye lens. This filipin Raman image will be compared with an image of the intrinsically present lens protein, elucidating the strong possibility of combining information from both intrinsic and extrinsic Raman probes. Also, we will show that immunophenotyping of lymphocytes is possible by using antibody-coated polystyrene spheres as Raman labels. In this case, the Raman scattering derives from the polystyrene. Contrary to what one might expect, it will be shown that Raman and fluorescent (FITC) labeling of one cell is quite possible, which suggests that the Raman probes may be used in combination with some fluorescent probes.
Raman labeling requires molecules with a Raman spectrum which can easily be distinguished from the background Raman (and fluorescence) scattering of the sample itself. This condition means that the Raman scattering cross section of reporter molecules should be large and that their spectrum should contain only a few strong and narrow bands.
In Figs. 1 and 2c we present the Raman spectra of the extrinsic probes we will use: 1-~m polystyrene spheres and filipin. Polystyrene has a Raman spectrum which contains a very intense band at 999 cm -~. It is this band that is being used for imaging purposes. In fact, two images are always made: one at 999 cm -1 and one at 979 cm -~. The image at 979 cm -~ will contain background Raman and fluorescence scattering which is caused by the sample itself, the medium, etc. When the two images are subtracted electronically, an image results which yields the sections in the sample where the 999-cm -l scattering cross section is high. This procedure can be compared to what can be done in fluorescence imaging when, first, a background image is recorded, which is later subtracted from the fluorescence image obtained after labeling. The main advantage of Raman imaging is that it is not necessary to measure the background before labeling; the Raman spectrum allows spectral discrimination of background and label signal. It will be clear that this procedure is valid only if the sample itself has a Raman and fluorescence spectrum which does not show any bands (is relatively flat) in the area where the background is measured.
The filipin spectrum contains an intense band at 1586 cm -1 that can be successfully used for imaging. The background in the eye lens/filipin system can be measured at 1510 cm -1. Neither lens constituents nor filipin contributes Raman scattering at this wavelength. The background thus originates in ambient water and trace fluorescence. The 1450-cm -1 CH2 and CH 3 bending modes can be used to visualize the protein distribution.
MATERIALS AND METHODS

Rat Eye Lenses. Rat (Wistar) eye lenses, extracted
within 24 h post-mortem, were fixed in 0.08 M cacodylate buffered 1% paraformaldehyde (pH 7.3). The fixed lenses were sliced, with cutting along the optical axis of the lens. The slices were incubated, under continuous agitation, for 4 h at 38 °C in the dark, in a 0.08 M cacodylate buffered filipin (0.1 mg/mL) (type III Sigma lot 69F4019) solution (pH 7.3). After incubation, each slice was washed thoroughly with 0.08 M cacodylate buffer (pH 7.3) according to the preparation procedure described by Van Marle et al. 6
Antibody Coating of Polystyrene Spheres. Covalent
coupling of rabbit anti-mouse protein (Sigma M7023; 2.2 mg IgG/mL) to carboxylated polystyrene microspheres of 0.92 ~m (2.5% solids-latex, Polysciences, Inc., Warrington, PA) was achieved by the "carbodiimide method" (described in data sheet #238C of Polysciences, Inc.). First, 0.5 mL of 2.5% polystyrene sphere (PS) microparticles in an Eppendorf centrifuge tube was washed twice in 1.5 mL carbonate buffer (0.1 M; pH 9.6). The pellet was resuspended and washed three times in phosphate buffer (0.02 M sodium phosphate buffer, pH 4.7) and finally resuspended in 0.625 mL of phosphate buffer. Then, 0.625 mL of a 0.05% carbodiimide solution [0.05% 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride dissolved in phosphate buffer, prepared within 15 min before use], with 0.01% Triton X-100, was added dropwise, and the resulting solution mixed for 3 h at room temperature. The beads were then washed four times in phosphate buffer (pH 4.7) with the use of differential centrifugation, and the pellet was resuspended in 1.2 mL of borate buffer (0.2 M; pH 8.5, prepared by adjusting the pH of boric acid by adding 1 M NaOH). Rabbit anti-mouse IgG (150 p~L) was added, after which the suspension was mixed gently overnight at room temperature. Then 50 ~L of a 0.25 M ethanolamine [prepared by adding 20 txL ethanolamine(2-aminoethanol) to 1.3 mL borate buffer] solution was added and followed by careful mixing for 30 min at room temperature. After centrifugation, the pellet was resuspended in 1 mL of 10 mg/mL BSA solution in borate buffer and mixed gently for 30 rain at room temperature. After another centrifugation step, the pellet was resuspended in 1 mL of the BSA solution and finally resuspended in 0.5 mL storage buffer (PBS, pH 7.4, containing 8.8 mg/mL NaC1, 10 mg/mL BSA, 5% glycerol, and 0.1% NAN3, and stored at 4 °C.
Labeling Lymphocytes. Peripheral blood lymphocytes (PBLs) were isolated from heparinized peripheral blood of healthy donors, as described elsewhere? We incubated 5 x 105 PBL in 100 txL PBS with 1% BSA and 0.005% NaN3 (referred to as medium 1 from here on) in 10 ixL mouse anti-human anti-CD4-FITC (Becton and Dickinson; 3 p~g/L) for 30 min on ice and washed the sample twice in 2 mL of medium 1. About 5 × 108 coated PSs in 100 ~L medium 1 were added to the pellet and mixed gently for 60 min at 4 °C. Next the PBL with PSs was washed twice in 4 mL RPMI 1640 + 25 mM Hepes + 10% FCS (fetal calf serum) + 2 mM L-glutamine + {100 IU Penicillin-G + 100 la, g streptomycin-sulpha-te}/mL (medium 2). The pellet was resuspended in 0.5 mL of medium 2.
Instrumentation. Raman images were made with a direct imaging Raman microscope previously described by Puppels et al. 5 This Raman microscope consists of a normal light microscope, a dye laser, two scanning mirrors, and a liquid nitrogen-cooled slow-scan charge-coupled device (CCD) camera (Fig. 3 ). The focused laser beam is scanned in a raster pattern over the sample by two scanning mirrors driven with triangular waveforms (one at a frequency of 30 Hz, the other at 0.5 Hz). This procedure results in an illumination of the sample that is effectively homogeneous when measuring times of >10 s are employed. When no filters are present in the optical path, a reflection image of the sample is focused on the CCD camera. A Raman image is made by inserting a holographic notch filter (for laser light suppression) and a narrow-band transmission filter (bandwidth ~ 0.5 nm, corresponding to about 10 cm -1 if the laser wavelength is 660 nm), so that only light with the wavelength corresponding to the specific Raman band of interest will be detected. Because the Stokes shift of a Raman band is independent of the excitation wavelength, the dye laser can be tuned so that the wavelength of the Raman band of interest coincides with the transmission band of the filter. With the use of the laser dye DCM, our dye-laser can be tuned between 630 and 690 nm. As a consequence, Raman emission detection is possible in the wavenumber ranges 450-1800 cm 1 or 900-2250 cm -~, with the use of two narrow-band transmission filters only, with transmission bands at 711 and 735 nm, respectively. Bright-field and fluorescence images were made with the same setup, with the use of the in-base illumination system of the microscope frame (Nikon Optiphot) or a mercury arc lamp (Nikon) in combination with an excitation filter (450-490 nm) for the illumination of the sample, respectively. For the fluorescence measurements, the Raman holographic notch and the narrow-band transmission filters were replaced by a dielectric bandpass filter specified for fluorescein (passband 525-550 nm).
RESULTS
Eye Lenses. Figure 2b shows the Raman spectrum of a rat eye lens. The strong bands at 1005, 1240, 1447, and 1672 cm -~ have been assigned to phenylalanine, amide III, CH2, and amide I vibrations, respectively? The weak vibration at 1585 cm l is due to tyrosine and phenylalanine. The Raman spectrum of a rat eye lens incubated with filipin is given in Fig. 2a . A strong filipin band can be observed at 1586 cm-l; note the high filipin-to-background ratio. The wavenumbers used for imaging are 1450 cm -l (protein), 1510 cm -~ (background), and 1586 cm -~ (filipin). In Fig. 2c the Raman spectrum of fitipin (solid) is shown. It demonstrates that the filipin spectrum contains only a few strong bands. Figure 4 shows the results of both Raman and brightfield microscopic imaging of rat eye lenses incubated with filipin. In Fig. 4a , the bright-field microscopic image of a part of a rat lens slice is given, clearly illustrating the honeycomb structure of the plasma membranes of the lens fibers, sliced perpendicularly to their long axis. The area illuminated by the scanning laser beam in the Raman measurement is indicated by a rectangle. In Fig. 4b we present the filipin Raman image, obtained by subtracting the Raman scattered light at 1510 cm -~ (this is equal to the background light, because no bands are found at this frequency in the Raman spectrum of rat eye lenses; Fig.  2 ) from the Raman scattering at 1586 cm 1 (the position of a strong filipin band; Fig. 2a ). This image clearly shows a honeycomb structure identical to the one in the bright-light image. Figure 4c contains the Raman image of protein (1450-cm -I image minus 1510-cm -I image; Fig. 2) , showing a homogeneous protein distribution. In Fig. 5 a bright-field microscopic image (a) and a Raman image measured at 1586 cm -~ after background subtraction (b) are shown of another rat eye lens which was not incubated with filipin. In Fig. 5a the honeycomb structure can be recognized again, whereas Fig. 5b looks rather homogeneous. Note also that the Raman scattering in the 1586 wavenumber region is much stronger in the eye lens that was incubated in filipin ( Fig. 4b ) than in the one that was not incubated in filipin (Fig. 5b) .
L y m p h o e y t e s . The Raman spectrum of polystyrene is shown in Fig. 1 . Indicated are the wavenumber ranges selected for imaging: 999 cm 1 for the polystyrene signal and 979 cm -~ for the background signal.
In Fig. 6 results are presented for the use of antibodycoated polystyrene spheres (0.92 p~m) as a Raman label for the recognition of the phenotype of peripheral blood lymphocytes. The Raman label was used in combination with the fluorescent label anti-CD4-FITC. In Fig. 6a the bright-field microscopic image of two lymphocytes is shown. One cell apparently shows four polystyrene spheres that are out of focus (visible as dark spots in the image) and seven polystyrene spheres that are in focus (the bright spots in the image). The other cell does not contain any polystyrene spheres.
It can be concluded from the FITC fluorescence image of the same PBLs (Fig. 6b ) that the cell containing polystyrene spheres is CD4-positive. Only the top cell is visible here, and no polystyrene spheres can be observed, indicating that the polystyrene spheres do not fluoresce under these measurement conditions. In Fig. 6c we present the Raman image showing the position of the polystyrene spheres. The image was obtained by subtracting the Raman scattered light at 979 cm 1 (this is equal to the background light, because no Raman bands are present here; Fig. 1 ) from the Raman scattering at 999 cm 1 (the position of a very strong polystyrene band; Fig. 1 ). No detectable polystyrene signal is present at the positions of the spheres that are out of focus.
In Figs. 6d and 6e , the superpositions of Figs. 6a and 6c and 6b and 6c are given, respectively, showing that both the fluorescent and the Raman label identify the same cell as C D 4 + . Figure 6d shows that the Raman signal originated from the polystyrene spheres present at the cell surface. The superposition of the fluorescent and the Raman image illustrates that the fluorescent and the Raman signals are independent and can therefore be used simultaneously.
D I S C U S S I O N
Eye Lens. From the comparison of the filipin Raman image with the bright-field microscopic image, it can be concluded that the highest filipin concentrations coincide with the membranes, whereas the protein distribution is homogeneous. This observation indicates that the honeycomb structure observed in Fig. 4b is not an artifact, for example, caused by Rayleigh scattering or strong laser light reflections at the lens surface. Also the Raman image taken at 1586 cm 1 of a different rat lens that was not incubated with filipin (Fig. 5b) does not show the honeycomb structure but looks rather homogeneous. The maximal Raman intensities in Fig. 5b are almost a factor of 4 less than those in Fig. 4b (after correction for difference in measurement time). This result is in accordance with the fact that the 1486-cm -1 filipin band is much stronger than the very weak tyrosine and phenylalanine vibrations at 1485 cm -~ and shows that the honeycomb structure of Fig. 4b was caused by the presence of a higher concentration of filipin in the fiber membranes than inside the fibers of the eye lens, corresponding to a higher cholesterol concentration in the membranes. ~°
The average cholesterol concentration in rat eye lenses is about 7 raM. ~ AssUming formation of filipin cholesterol complexes in a 1:1 ratio, the average filipin concentration is also 7 raM. Scanning electron microscopic studies on human eye lenses show that similar filipin concentrations leave the cell structure intact; only minor membrane deformations (25-nm pits) have been observed. 6,L2 Therefore, it can be concluded that the applied filipin concentrations leave the lens structure unaffected on a scale visible with Raman microscopy and that filipin is a very suitable Raman label for visualizing the distribution of cholesterol in eye lenses and, by extension, maybe other tissues.
Polystyrene. The images of the doubly labeled (Raman and fluorescent) PBLs show that polystyrene spheres coated with antibodies are good Raman labels. Only the CD4-positive cells contain polystyrene spheres. Thus, cells with a specific immune phenotype can be recognized with a Raman microscope by using antibody-coated polystyrene spheres as a label. Furthermore, it is shown that Raman labels can be used in combination with fluorescent labels without any problem, if one chooses appropriate fluorophores and laser wavelengths.
The polystyrene spheres used as Raman labels in this experiment are large in comparison with fluorescence labels. To get a more efficient binding of the labels to the cells, one needs much smaller labels (about 100 nm). The Raman signal of the label, however, is proportional to the volume of the label and therefore with the radius of the label to the third power. On the basis of measurements carried out so far, it is expected that one single polystyrene label of about 300 nm or a group of 25 labels of 100 nm on a cell surface will be visible in a polystyrene Raman image.
Smaller labels could be used if more efficient Raman scatterers could be found. If methods like resonance Raman (RR) ~3 and surface-enhanced Raman spectroscopy (SERS) 1435 are used, the Raman signal will be enhanced considerably and even smaller labels can be detected. A disadvantage of using RR is the fact that photodestruction of the label will occur. However, SERS may yield a signal enhancement of about 102 to 10 3, and no bleaching will occur. Therefore, SERS can be very useful for making labels with a high Raman signal. This can be done by covering small silver or gold particles with a thin layer of molecules with a suitable Raman spectrum featuring only a few strong bands. The Raman signal of these molecules will then be enhanced by the SERS effect. These particles can subsequently be used as immuno-labels if antibodies can be attached to them. The results obtained with filipin as a Raman label illustrate that single molecular labels can also be detected, even without the use of SERS or RR, if the concentration of label molecules in the sample is high enough.
It is unquestionably preferable to visualize the distribution of molecules in a sample on the basis of their intrinsic Raman signal if possible, because this approach provides direct chemical information about the sample. It is this direct information without the necessity of using extrinsic probes that is one of the main reasons for doing Raman imaging instead of fluorescence imaging. However, the introduction of extrinsic Raman labels can provide additional information about intrinsic molecules which Raman signal is too small to detect.
The presented examples indicate that Raman labels can be used to visualize the distribution of specific molecules that are weak Raman scatterers or to distinguish different cell phenotypes. If other suitable Raman labels can be found, many more different species can be distinguished simultaneously. We are aware of the fact that a large number of fluorescent labels already exist that offer the same possibilities and are even better suited for this purpose. Furthermore, the signal intensities encountered in fluorescence measurements are much higher than in Raman measurements. The relatively broad bandwidth of fluorescence, however, can be a limitation in specific applications. For example, it is not possible to distinguish all human chromosomes or all white blood cells simultaneously with the use of fluorescent probes at one excitation wavelength, even if the complete fluorescence emission spectrum is detected. If more than four or five different fluorescent labels have to be distinguished, more elaborate techniques as fluorescence life time measurements ~6 or ratio probes have to be used. In these applications, using Raman labels can be a good alternative, which in theory offers the possibility of using more (by one to two orders) different labels simultaneously.
Another advantage of using Raman labels is that no bleaching occurs. Therefore, the distribution of a Raman label can be monitored during relatively slow processes without loss of signal, which is generally a problem with fluorescent probes even if anti-fading agents are used. Imaging molecular distributions with extrinsic Raman labels has an additional benefit: it can be combined with imaging intrinsic molecules of the same sample, on the same setup, and under the same measurement conditions-which is not always the case if extrinsic fluorescent probes are used.
Fluorescent background emission is a main problem in Raman imaging. This fluorescent background is not only caused by impurities in the sample but, as Hirschfeld stated, j7 is an intrinsic property of all samples at cross sections similar to those for Raman spectroscopy. Fortunately, a similar cross section does not mean a similar spectral intensity, since fluorescence is much wider spectrally and may occur in a wavelength range not overlapping with Raman emission. Therefore, problems due to the auto fluorescence of the sample or the label itself can be avoided, in many cases, by choosing an appropriate excitation wavelength. The Stokes shift of a Raman line is independent of the excitation wavelength, and it is not necessary to use excitation in an absorption band of the sample, as is required in fluorescence techniques. Consequently, an excitation wavelength can be chosen so that the excitation of autofluorescence is minimal and the Ra-man bands of interest lie in a spectral range where the autofluorescence emission is lowest, r8
In conclusion, it can be stated that polystyrene spheres and filipin are examples of probes which can be used very well as Raman labels for immunolabeling and cholesterol labeling, respectively. Polystyrene spheres can even be used in combination with a fluorescent label. These results indicate that Raman labels can be a very helpful additional tool in those cases where there are problems due to the limitations of fluorescent labels, such as the problem of bleaching, the limited number of labels that can be distinguished simultaneously, or the occurrence of autofluorescence of the sample.
